We develop a quantum theory of the nonlinear interaction between intense surface acoustic waves and electrons of a quantum well in the regime of moving quantum wires and dots. The quantum nonlinear interaction qualitatively differs from the classical one. In a system of electron wires driven by an acoustic wave the sound attenuation strongly decreases with increasing the sound intensity. However, even in the quantum limit the sound attenuation in the electron system remains nonzero due to residual scattering by impurities in the lowest subband. In the case of electron dots formed by two waves moving in the perpendicular directions, the calculated dissipation vanishes at high sound intensity because of the fully quantized spectrum. Besides, moving quantum dots can be formed by a single acoustic wave propagating along a system of etched quantum wires. We show that the quantum regime of the attenuation can exist in high-mobility GaAs quantum wells where the heating can not destroy the quantum state.
I. INTRODUCTION
Quantum wires, channels, and dots are very intriguing objects in the modern solidstate physics. They display new physical properties due to reduced dimensionality. The electric conductance of narrow channels in a semiconductor nanostructures demonstrates the quantization [1] described by the Landauer-Büttiker theory [2] . More recently the quantized conductance has also been found for the thermal transport in free-standing quantum wires [3] . Furthermore the quantum wires and dots are attracting significant theoretical interest due to the enhanced many-particle interactions [4] [5] [6] .
Experimentally, semiconductor quantum wires and channels are realized or by the electrostatic method or in etched nanostructures [1, 7] . Recently, another method to create electron wires has been demonstrated [8, 9] . This method involves an intense surface acoustic wave (SAW) in a hybrid structure [8] containing a semiconductor quantum-well and a strongly piezoelectric (PE) host crystal (Fig. 1a) . In the experiments [8] a formerly homogeneous two-dimensional (2D) electron gas in the hybrid structure turns into moving electron wires due to a very strong piezoelectric potential induced by a SAW. This effect has been demonstrated in the above-mentioned experiments [8] for the classical regime of the acoustoelectric (AE) interaction at room temperature. In the room-temperature electron system the dissipation of the SAW energy increases with increasing the sound intensity and approaches its maximum in the limit of the high amplitude of a SAW [8] [9] [10] .
For low temperatures and a sufficiently strong PE potential of a SAW, the electron spectrum of wires can be quantized in the direction of the SAW momentum (Fig. 1b) [11] [12] [13] . For the first time the electron quantization effects in an acoustic wave have been discussed by Keldysh [11] . Our estimations show that the lateral quantization could be observed in low-temperature experiments on the recently fabricated hybrid structures.
Here we develop a quantum theory of the AE interaction in a 2D system in the strongly nonlinear regime when intense SAW's split a 2D electron system into moving quantum wires and dots. We model the AE interaction from first principles for the case of electron scattering by impurities and use time-dependent perturbation theory. In the quantum regime the SAW absorption due to electrons reflects the density of states in quantum wires. When a few quantum subbands are occupied the SAW energy dissipation comes mostly from the inter-subband transitions assisted by impurities. Furthermore, even in the strictly 1D case the SAW dissipation in quantum wires remains finite. The residual absorption of SAW in the 1D wires originates from the intra-subband transitions in the direction perpendicular to the SAW momentum. Our numerical results show that the residual SAW absorption in high-quality GaAs quantum wells is small enough and, so, the heating effect is weak in the quantum limit. In the case of two SAW's moving in the perpendicular directions, an electron system can be split into moving dots. In contrast to the case of wires, the SAW dissipation due to electron dots decreases and approaches zero in the quantum limit.
Many experimental papers report on interactions of SAW's with the quantum Hall effect systems and lateral nanostructures [14, 15] . However, most of those studies relate to the linear regime of the AE interaction. A linear theory of the AE interaction in a 2D system and various nanostructures was developed in Refs. [16, 17] . Also, theoretical aspects of single-electron transport through a quantum-point contact were discussed in Ref. [18] .
The nonlinear AE interaction in the classical regime in bulk crystals was widely discussed theoretically [10] . Recently a theory of the nonlinear AE effects has also been considered for the case of a classical 2D plasma in hybrid structures [9] . For the case of 3D plasma, the attenuation of sound in the presence of quantization in one direction was studied by Laikhtman and Pogorel'skii (Ref. [13] ). They used the quasi-classical approach based on the Boltzmann equation and have predicted the quantum oscillations of the attenuation due to the density of states. Here we study the nonlinear quantum AE interactions for the case of a 2D system in the regimes of moving quantum wires and dots. Furthermore, we develop a quantitative theory based on the density-matrix motion equation. The quantummechanics treatment of this problem is necessary for the quantitative theory, which takes into account non-diagonal elements of the density matrix and the quantum dynamical screening of the impurity potential. In particular, the screening effect is important for the model of background Coulomb impurities. The calculations performed in the Coulomb-impurity model without the screening effect lead to the infinitely large sound attenuation. Basing on our numerical data we can conclude that the quantum attenuation regime is possible in high-mobility GaAs structures despite heating. It is in contrast to the AE interaction in the 3D plasma where the heating effect is predicted to be strong (Ref. [13] ). In addition, we find that the sound dissipation in the case of driven quantum dots behaves differently compared to the nonlinear regimes in the 3D plasma and to the quantum wires.
II. GENERAL FORMALISM
The interaction between a SAW and a 2D electron system is characterized by the SAW energy absorbed in an electron system per unit time and aria
where < ... > r means averaging over surface aria of a macroscopic sample. r = (x, y) is the in-plane coordinate and t is the time. The 2D electron current j s in the plane of a quantum well is induced by the PE field of a SAW, E SAW (x − c s t). The Rayleigh SAW propagates in the x-direction with a velocity c s and interacts with a 2D plasma (Fig. 1) . In this case, the in-plain component of E SAW is parallel to the x-axis. Eq. 1 can be used for a description of the SAW dissipation in the nonlinear regime in the limit of a weak AE coupling K 2 ef f ≪ 1 [9] .
To find the electron current in the presence of the SAW piezoelectric field, we use the equation of motion for the one-particle density matrixf within the framework of the selfconsistent field approximation [19] ,
whereĤ is the electron Hamiltonian.
The conventional approach to the equation (2) is based on the constant relaxation time τ and the assumption that the collision term in Eq. 2 is proportional to the divination from the local thermal equilibrium [19] . However, this approach is not effective in our case. By integrating Eq. 2 and the similar equation for the current we can show that the SAW-energy dissipation in the regime of well separated wires is Q =< j s E SAW > r = m * c m * is the electron mass. Here N s =< n s (x, t) > x is the averaged 2D density and n s (r, t) is the local density. This result coincides with the Weinreich relation [20] obtained within the Drude model [9, 10] . Thus, the absorption Q found in the simplified model does not exhibit any physical features of the lateral quantization.
To describe the AE interaction in the quantum wire regime we need to model scattering from the first principles. For low temperatures the main contribution to Q comes from the electron scattering by impurities [13, 22] . So, we introduce the potential of randomly located impurities directly into the Hamiltonian in the right-hand side of Eq. 2. The Hamiltonian describing the in-plane single electron motion in the presence of SAW piezoelectric potential
wherep is the in-plane momentum and e is the electron charge. Φ SAW (x − c s t) = Φ 0 SAW cos (kx − ωt) is the piezoelectric potential and ω = c s k. U ind is the potential induced by the electrons. U imp (R) = i U 0 (R − R i ), where R = (r, z) is the 3D electron coordinate, and U 0 (R − R i ) is the potential of the i-impurity. Here the electron motion is 2D in the plane z = 0 whereas the impurity position R i is a 3D vector. In a quantum well the electron motion in the z-direction is described by a localized wave function χ 0 (z). For simplicity, we will neglect the width of the function χ 0 (z) and consider the potential U imp (R) only in the plane z = 0. Also, we assume that electrons occupy only the ground 2D subband. To describe the SAW dissipation we intend to use the model of background Coulomb impurities with homogenous spatial distribution. In the following we will denote the average 3D density of impurities by N t .
III. PERTURBATION THEORY
First we qualitatively analyze perturbation theory for the regime of wide wires where the quantization is negligible. The impurity potential is assumed to be weak perturbation. If the SAW intensity is sufficiently low a SAW slightly modulates a 2D plasma. In this linear regime [16] , the sound absorption coefficient Γ 0 = Q/I SAW ∝ σ 0 ∝ τ tr when σ 0 → 0. Here I SAW is the SAW intensity. In the limit U 0 → 0, τ tr → ∞ and Q → ∞. It shows that the simplest first-order perturbation theory is not valid. Indeed, it is known that the conductivity can be calculated as an infinite series of "ladder" diagrams [24] . The perturbation theory of Ref. [24] is based on the parameter k f l e ≫ 1, where k f and l e are the Fermi wave vector and the electron mean free path, respectively. We see that the first diagram in terms of the impurity potential is not sufficient in the linear regime of the AE interaction. The situation in the nonlinear case is qualitatively different. For a high SAW intensity a 2D plasma forms well separated wires. When I SAW → ∞, the SAW dissipation due to classical wires becomes saturated and equal to Q max = m * c 2 s * N s /τ tr [9, 10, 21] . One can see that Q max ∝ 1/τ tr → 0 when U 0 → 0. It means that we can calculate Q max by using the first diagram in terms of the parameter U 2 0 . In other words, in the case of wires the SAW potential confines strongly electrons and we can take into account the impurity scattering using simplest first-order perturbation theory. In the following we will use this fact to calculate the SAW absorption.
In the regime of wires, it is convenient to introduce the new moving coordinate x ′ = x − c s t. In the moving coordinate system r ′ = (x ′ , y), the strong SAW potential eΦ SAW (x ′ ) is time-independent but the impurity potential U imp (r ′ , t) depends on the time. By changing r → r ′ we changef tof ′ , wheref ′ is the density matrix in the moving system of coordinates. Obviously, the motion equation (2) is conserved when r → r ′ . The quantum wire width l 0 is typically much less than the acoustic-wave length λ ∼ 1 µm and, thus, the interaction between the quantum wires can be neglected. So, for convenience we will consider the density matrix for a single wire. In the moving coordinate system the electron current of a single wire contains only the random term δj w which is induced by impurities. The dissipation is given by
where
/e is the random electric field of impurities. < .. > R i means averaging over random positions of impurities. Eqs. 1 and 4 are equivalent because the dissipation is independent of the coordinate system. The electron density and current in the static system can be written as n s (r, t) = n 0 (x − c s t) + δn 1 (r, t) and j s (r, t) = j 0 (x − c s t) + δj 1 (r, t), respectively. Here δn 1 and δj 1 are random terms. The regular contributions are connected by j 0 = ec s n 0 (x−c s t). The dissipation given by Eq. 1 is
we multiply the equation of motion (2) by the current operator and then take the trace. Here we note that the electron density n s and the currents relate to a single wire.
On the next step we consider linear response of a wide electron wire to the potential of "moving" impurities U imp (r ′ , t). In wide wires we can neglect the lateral quantization. In a small part of the electron wire, the electron plasma can be regarded as a homogeneous 2D Fermi gas. The linear response of a homogeneous 2D plasma to the potential U imp (r ′ , t) can be calculated from Eq. 2 [19] . The dissipation in the a small part of the channel near the point
After integration over all parts of the wire we again come to the above-mentioned equation for Q max .
In the absence of impurities, the electron-electron scattering in the moving coordinate system results in thermal equilibrium. In this case the density matrix is equal to the Fermi distribution functionf 0 which depends on the electron temperature T e . In the presence of weak impurity scattering the density matrix becomes equal tof ′ =f 0 + δf ′ . The spectrum of quantum wires has the 1D subband structure:
* , where p y and α are the y-component of the momentum and the subband index; α = 0, 1, 2, ... . In the self-consistent field approximation, the electrons in an ideal wire move in the potential
is the term induced by the Coulomb repulsion. The single-electron wave functions will be denoted as ψ α (x ′ )e ipyy . Also, it is convenient to use the parabolic approximation for the SAW potential, eΦ SAW = eΦ
is valid near the center of a wire. Here Ω 0 = k |e|Φ 0 SAW /m * . In the coordinate system (r ′ , t), the potential U imp (r ′ , t) at z = 0 plays the role of perturbation. By using a linear response theory [19] we find the Fourier transform of the charge density perturbation induced by the time-dependent impurity potential
Π α,β (ω, q y ) = dp y πh
where q y and ω appear after Fourier transformation in terms of y and t, respectively. Here we have neglected weak electron-electron scattering.Ũ imp is the screened impurity potential at z = 0. Using Eqs. 4 and 5 we obtain
where N t is the 3D impurity density.
is the screening factor. The single-impurity potential is given by U(q) = 2πe 2 /(ǫ|q|)e −|Z i ||q| ;
3 ) and q = (q x , q y ). The screening factor for the impurity potential in a quantum wire with many occupied subbands should be found from the system of linear equations [19] . In the simplest case of the lowest occupied 1D subband we obtain
and V 0,0 is the matrix element of the Coulomb potential.
Equation 6 describes inter-and intra-subband transitions in a quantum wire induced by "moving" impurities. The momentum and energy transfers in these transitions are q = (q x , q y ) andhqc s =hc s q x . In Fig. 1c we show electron transitions which contribute to Q. The difference between Eq.6 and the quasi-classical results of Ref. [13] is the screening factor D α,β calculated from the quantum equations. In the case of a few occupied subbands, the screening factor has a complex structure.
Electron scattering by impurities also leads to the spatial shift of the electron distribution from the center of a quantum wire. This shift directly relates to the dissipation. Multiplying the equation of motion (2) by the current operator and then taking the trace, we can obtain the steady-state condition Q/c s = e(1/λ) < n s E SAW > R i dx ′ , where n s relates to a single wire. Here the term e < n s E SAW > R i dx ′ is the averaged force acting on the electrons in the wire and λQ/c s plays the role the friction force. The nonzero quantity e < n s
it is proportional to the shift of the electron distribution from the wire center. We have directly calculated the shift e < n s E SAW > R i dx ′ using the second-order perturbation theory for the density matrixf ′ . The obtained formula was consistent with the steady-state condition Q/c s = e(1/λ) < n s E SAW > R i dx ′ and Eq. 6 for Q. ≃ 2 meV . The parameter N t is found from the low-temperature mobility of a 2D homogeneous gas µ 2D . For the mobility we take µ 2D = 3 * 10 6 cm 2 /V s at the 2D density 3 * 10 11 cm −2 . µ 2D was calculated by using the Born approximation and involving the screened impurity potential [23] . Figure 2 shows the SAW absorption for the case of electron scattering by background impurities with a short-range potential. The 3D density and the potential of δ-impurities correspond to the 2D mobility 3 * 10 6 cm 2 /V s. To calculate µ 2D we take into account a finite width of a quantum well in the z-direction. In the case of δ-impurities we use the equation similar to Eq. 6 and involve a few lowest 1D subbands. To demonstrate a general behavior of Q(Φ SAW 0 ), we use the single-particle wave functions, neglecting self-consistent Coulomb effects. The function Q(Φ 0 SAW ) reflects the density of states in a wire. For relatively small SAW potentials electrons occupy a few 1D subbands and the main contribution to Q comes from inter-subband transitions induced by impurities (Fig. 1c) . The contribution of inter-subband transitions is responsible for the absorption in the quasi-classical and classical regimes. At Φ In the case of δ-impurities the dissipation Q is an increasing function of the potential amplitude in the limit of Φ 0 SAW → ∞. In the latter case the SAW absorption occurs only due to intra-subband electron transitions (Fig. 1c) .
Now we calculate the function Q(Φ 0 SAW ) in the model of dynamically screened Coulomb impurities. We use the self-consistent field approximation and the variational method to find the wave functions ψ α (x ′ ). In the Coulomb-impurity model, the SAW absorption strongly decreases with increasing the SAW potential amplitude Φ 0 SAW (Fig. 3) . At high Φ 0 SAW , the absorption Q becomes saturated. The residual absorption at Φ 0 SAW → ∞ originates from scattering within the ground subband (Fig. 1c) and depends on the quality of a quantum well and on the electron density. Again at Φ The dynamic screening of Coulomb impurities plays the very important role. The dissipation Q calculated by Eq. 6 is non-convergent in the absence of the screening effect. Also, we find that the screening effect for intra-subband transitions is much stronger than that for inter-subband transitions. It leads to a strong increase of the absorption as the sound intensity decreases. Another effect of inter-particle interaction is that the energy spacing between 1D subbands becomes essentially less due to Coulomb repulsion in a wire [7] . The energy quantization in a wire is reduced by a factor of 2 after the inclusion of the self-consistent Coulomb effects. This effect is seen from the data of Fig. 2 and Fig. 3 .
It is interesting to compare the quantum attenuation with that in the classical limit. At room temperature the absorption is increasing with Φ SAW and becomes saturated for high sound intensities (insert of Fig. 3 ) [9, 10] . The maximal absorption depends directly on the mobility: Q max = m * c 2 s * N s /τ tr . For the typical room-temperature parameters µ = 5000 cm 2 /V s and N s = 4 * 10 9 cm −2 [8] , we obtain Q max ≃ 2 * 10 5 erg/s which is a few orders of magnitude larger than the calculated quantum-limit absorption.
Here we have calculated the SAW absorption assuming that the electronic temperature in a wire is independent of Φ 0 SAW . However, the electron temperature T e can depend on Φ 0 SAW and differ from the lattice temperature T l . The important factor is the phonon relaxation efficiency, which depends on a material. The heating effect can be analyzed by the energy balance equation Q = P ph , where P ph describes the efficiency of the electron energy relaxation due to the emission of acoustic phonons. Involving the deformation-potential and piezoelectric mechanisms we calculate the energy-loss rate P ph (T l , T e ) for the driven electron wires in the GaAs-based quantum well [25] . Figs. 4 and 5 show the phonon energy-loss rate P ph and the calculated heating temperature ∆T = T e − T l in the 1D limit for Φ 0 SAW = 2 V . Here we find the electron temperature from the equation Q(T e ) = P ph (T l , T e ) for the case of Coulomb impurities (Fig. 5) . One can see that the heating effect in the 1D quantum regime is small in high mobility systems (Fig. 5) . At the same time, we find that at smaller SAW intensity, when the function Q rapidly increases, the heating effect in GaAs-wires is stronger and can destroy the quantum state. In particular, the maximum of the function Q(Φ 4 erg/(cm 2 s), the roughly estimated electron temperature in wires can be about 30 K.
As an example, we now discuss the solution of the balance equation Q(T e ) = P ph (T l , T e ) for T l = 2 K (Fig. 5) . One can see that the crossing between the curves for Q and P ph in Fig. 4 exists when µ > 0.8 * 10
6 cm 2 /V s (Fig. 5) . So, for given lattice temperature the solution of Q(T e ) = P ph (T l , T e ) is not longer existing if the 2D mobility is low. We can speculate that, if µ < 0.8 * 10
6 cm 2 /V s, the SAW can heat the electron wire up to the temperature about 30 K. At T e ∼ 30 K the LO-phonon scattering starts to play the role [25] . Thus, the quantum regime can exist only in high-quality quantum wells. In addition, we note that the solutions of the balance equation shown in Figs. 4 and 5 are stable.
The predicted quantum effects can occur if the potential amplitude induced by a SAW is sufficiently high. For N L = 4 * 10 5 cm −1 , T e = 2 K, and λ = 1 µm, the quantum 1D regime occurs when Φ 0 SAW > 1 V . The amplitudes Φ 0 SAW up to 2 V have been achieved in the experiments [8] on the hybrid structures with a closely-located top metallic gate for SAW's with λ = 10 µm. Additional enhancement of quantum effects can be expected in hybrid structures involving even stronger piezoelectric materials (Potassium Niobate, K 2 ef f ∼ 0.5 [26] ) and semiconductors with smaller effective masses (InAs, m * = 0.03m 0 ). In most of experiments on SAW's [8, 14] the measured quantity is the absorption coefficient Γ = Q/I SAW , where I SAW is the SAW intensity. The calculated SAW absorption becomes saturated at high sound intensity and thus Γ behaves as 1/I SAW in the limit I SAW → ∞ [13, 10] . To observe the quantum effects we suggest to measure directly the SAW absorption because it is not decreasing in the limit I SAW → ∞. In the experiments on hybrid structures the total measured absorption in a sample was about or more then 0.5 erg/s [8] . In GaAlAs systems, the observed absorption can be even less [14] . The total sound absorption in a sample with a surface aria S is given by W = S * Q. Using the data of Fig. 3 we obtain W ∼ erg/s for T = 2 K, Φ 0 SAW > 1 V , and S = 0.1 * 0.1 cm 2 . Hence, the residual attenuation in the quantum 1D limit could be experimentally observed. In experiments, the electron plasma can be induced by the metal gate (Fig. 1) [8] or photogenerated [28] . Recently, the nonlinear AE interactions between SAW's and a photogenerated plasma were observed in GaAs-based structures [28] .
V. QUANTUM DOTS DRIVEN BY ACOUSTIC WAVES
In the presence of two SAW's with perpendicular wave vectors the electron motion can be quantized in two directions. Assume that SAW1 and SAW2 propagate in the x-and y-directions, respectively. Their potentials are Φ SAW 1 = Φ 0 SAW 1 cos (kx − ωt) and Φ SAW 2 = Φ 0 SAW 2 cos (ky − ωt). The total potential near its minimums can be approximated as
, where the frequencies
/m * depend on the intensities of the SAW's. In the moving coordinate system (x ′ , y ′ ) = (x − c s t, y − c s t), the electron spectrum is discrete and given by E n,m =hΩ x (n + 1/2) +hΩ y (m + 1/2). The corresponding wave function will be denoted as
. In the following we will consider a single dot and, for simplicity, neglect the Coulomb interaction.
The electron current in a dot in the moving coordinate system can be calculated by using Eq. 2. The x ′ -component of the random electron current induced by impurities in the moving coordinate system is
The absorption of two SAW's by a single dot is given by
By using Eqs. 7 and 8 we obtain
where q = (q x , q y ) and A n,m,n 1 ,m 1 (q) = Ψ n,m Ψ n 1 ,m 1 e iqr dxdy. The factor 2 in Eq. 9 is due to the spin degeneracy.
For the case Φ
SAW , the wave function Ψ n,m ∝ e −r 2 /2l 0 , where l 0 = h/Ω 0 m * . In the limit Φ 0 SAW → ∞ and for low temperatures, the leading terms in Eq. 9 have the indexes n − n 1 = ±1 and m = m 1 or m − m 1 = ±1 and n = n 1 . The asymptotic behavior of Q is
. We see that the absorption in the limit of the large SAW intensity decreases exponentially.
The absorption Q is a sum of two contributions Q 1 and Q 2 which relate to the SAW1 and the SAW2, respectively. In the general case Φ 0 SAW 1 = Φ 0 SAW 2 and both Q 1 and Q 2 depend on Φ 0 SAW 1 and Φ 0 SAW 2 . It shows that there is a nonlinear quantum interaction between the SAW1 and SAW2. This interaction is seen from the expression for Q 1
In this equation the energies E n,m depend on Φ 0 SAW 1 and Φ 0 SAW 2 . Physically, the first SAW interacts with the second because the latter changes the energy spectrum in dots. This interaction can be observed as giant quantum oscillations [27] .
Recent experiments [28] , which involved two SAW's propagating in the perpendicular directions, were performed using the pump-probe method. The first SAW had a high intensity and the second was a probing wave. These experiments demonstrated strongly nonlinear AE effects in the presence of photogenerated electrons and holes.
VI. INTENSE ACOUSTIC WAVES IN NANOSTRUCTURES
In this section, we briefly consider the nonlinear AE interaction in a nanostructure which includes an array of quantum wires. Electron quantum wires can be realized by etching a formerly uniform 2D system [7] . In our model a SAW propagates along the wire direction x (Fig.6 ). In the y-direction, the electron motion is finite due to the wire confinement. At high intensity, the SAW can induce moving electron dots. The electron potential near its minimum can be approximated by (m * /2)(Ω
where Ω wire describes the static confinement in a quantum wire in the y-direction and Ω SAW is a function of the sound intensity. The SAW absorption is given by Eq. 11 with the corrections Ω SAW 1 → Ω SAW , Ω SAW 2 → Ω wire and δ(hc s q x +hc s q y + E n,m − E n 1 ,m 1 ) → δ(hc s q x + E n,m − E n 1 ,m 1 ).
The calculated absorption of a SAW, Q, demonstrates giant quantum oscillations due to the discrete spectrum in 'moving' quantum dots (Fig. 6 ) . The minimums of Q occur due to the commensurability effect in the energy spectrum and correspond to the condition sΩ SAW = s ′ Ω wire , where s and s ′ are integers. For example, we consider the main minimum in Q(I SAW ) when Ω SAW = Ω wire = 1 meV (s = s ′ = 1). Under the condition Ω SAW = Ω wire , the spacing between energy levels is equal to Ω SAW = 1 meV , and the absorption is dramatically suppressed. This is due to the exponential function (10) . When Ω SAW slightly differs from Ω wire , the minimum spacing between energy levels becomes less and the absorption Q increases.
Experiments with SAW's propagating along quantum wires have been performed in Ref. [29] . In these experiments, SAW's drove photogenerated electrons and holes through the quantum wires fabricated on patterned interfaces.
VII. DISCUSSION
We see from our results that the acoustic absorption in an electron system in the quantum limit is very different to that in the classical case. In the classical plasma, Q(Φ 0 SAW ) approaches Q max in the limit Φ 0 SAW → ∞ [8] [9] [10] . In the quantum case, the absorption Q(Φ 0 SAW ) first decreases with increasing Φ 0 SAW and then becomes saturated at the minimal quantum absorption which comes from residual scattering in the ground subband. When two intense SAW's form electron quantum dots, the absorption exponentially decreases. Thus, the dissipation of sound in a system with moving dots vanishes in the limit of the high acoustic intensity. This is due to the fully quantized spectrum in the dots.
In first principle approach the electron conductivity σ 0 = eµn s can be calculated as an infinite series of the "ladder" diagrams [24] . Another method to derive the formula for σ 0 is based on the so-called Landauer dipole [30] . In this method, the impurities induce the dipole moments in the moving coordinate system in which the electron plasma does not move. The resulting polarization should coincide with the electric field in a sample. The equality between the electric field and the impurity-induced polarization permits to find the conductivity. Here we use another argument based on dissipation. By using our arguments we can also obtain the formula for the conductivity. To do this, we calculate the dissipation in the moving coordinate system. Then, we compare the results for the moving and static coordinates.
In conclusion, we have developed a quantum theory of the nonlinear interaction between acoustic waves and a 2D electron system in the limit of the high acoustic intensity. The intense SAW creates electron quantum wires. The SAW absorption as a function of the sound intensity reflects the 1D density of states. In wide wires the SAW absorption originates from the inter-subband transitions. In the strictly 1D case there is still a residual SAW absorption, which comes from the intra-subband electron transitions. In the regime of quantum dots the SAW absorption approaches zero in the limit of high sound intensity. The modern hybrid structures can be a candidate to experimentally observe the described quantum nonlinear mechanisms of the acoustoelectric interaction.
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